We cloned a bacterial copper-containing nitrite reductase (NirK) homolog gene of Aspergillus oryzae (AonirK). Alignment showed that amino acid residues crucial for copper binding are conserved in the deduced sequence of the fungal protein. The recombinant protein exhibited distinct nitrite reductase activity, and its absorption and EPR spectra showed the presence of type 1 and type 2 copper atoms in the molecule. AonirK transcriptionally responded to denitrification conditions. Although the denitrifying activity of A. oryzae was weak under the conditions employed, high expression of the gene in the fungal cells enhanced the denitrifying activity 6-fold, accompanied by distinct cell growth. Furthermore, the highly expressed AoNirK was subcellularly localized to the mitochondria. The results demonstrated that AoNirK is responsible for fungal denitrification. Discussion is added on the novel insight concerning the origin and evolution of the mitochondrion provided by the findings for eukaryotic NirKs.
We cloned a bacterial copper-containing nitrite reductase (NirK) homolog gene of Aspergillus oryzae (AonirK). Alignment showed that amino acid residues crucial for copper binding are conserved in the deduced sequence of the fungal protein. The recombinant protein exhibited distinct nitrite reductase activity, and its absorption and EPR spectra showed the presence of type 1 and type 2 copper atoms in the molecule. AonirK transcriptionally responded to denitrification conditions. Although the denitrifying activity of A. oryzae was weak under the conditions employed, high expression of the gene in the fungal cells enhanced the denitrifying activity 6-fold, accompanied by distinct cell growth. Furthermore, the highly expressed AoNirK was subcellularly localized to the mitochondria. The results demonstrated that AoNirK is responsible for fungal denitrification. Discussion is added on the novel insight concerning the origin and evolution of the mitochondrion provided by the findings for eukaryotic NirKs.
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Denitrification is a biological process in which nitrate (NO 3 À ) or nitrite (NO 2 À ) is reduced to a gaseous form of nitrogen such as dinitrogen (N 2 ) or nitrous oxide (N 2 O). 1, 2) It plays an important role in maintaining global homeostasis as the reverse reaction of nitrogen fixation. The full denitrification process is comprised of four reducing steps (NO 3 À ! NO 2 À ! NO! N 2 O ! N 2 ), each of which is catalyzed by a specific enzyme, dissimilatory nitrate reductase (dNaR), dissimilatory nitrite reductase (dNiR), nitric oxide (NO) reductase (NoR), and nitrous oxide reductase (NoS) respectively. Each enzyme is associated with the respiratory chain to receive electrons for its reaction, thus physiologically functioning as anaerobic respiration. 2, 3) Denitrification is widely spread among prokaryotes, and it has been also found in a few eukaryotes and archaea. 2, 4) Fungal denitrifying systems reduce nitrate (NO 3 À ) or nitrite (NO 2 À ), usually up to N 2 O. 5, 6) No fungal system has been found that forms N 2 as the denitrification product. In some cases, however, co-denitrification accompanies denitrification, in which a hybrid N 2 or N 2 O species is formed from NO 2 À and other nitrogen compounds. 6) Among the eukaryotic fungal denitrifying systems, those of the fungi Fusarium oxysporum and Cylindrocarpon tonkinense have been best clarified and characterized. [5] [6] [7] Fungal dNaR and/or dNiR activities are associated with the mitochondrial respiratory chain coupling to the synthesis of ATP, functioning as anaerobic respiration as the bacterial counterparts do. 8, 9) The components of the fungal systems have been purified and characterized. A copper-containing dNiR (NirK) protein was isolated from F. oxysporum, which bears a close resemblance to its bacterial counterpart. 10) Further, C. tonkinense appears to contain a NirK, too.
6) The dNaR of F. oxysporum was partially purified and found to resemble the bacterial NaRGHI type. 11) On the other hand, C. tonkinense does not appear to contain such a dNaR (NaRGHI). Instead, C. tonkinense appears to denitrify NO 3 À under certain conditions by utilizing assimilatory NaR.
6) The most characteristic feature of the fungal system is the involvement of cytochrome P450 (P450nor) as NoR, 12, 13) which is thus distinct from the bacterial cytochrome cb type NoR.
P450nor cannot act as a respiratory enzyme, because it receives electrons directly from NADH and thus is not associated with the respiratory chain.
14) It acts as a detoxifying enzyme to scavenge the dangerous molecule NO, as well as an electron sink under anoxic conditions. Therefore, NirK is a key enzyme universally involved in fungal anaerobic respiration (denitrification), contributing to the production of ATP. Since the NirK protein isolated from F. oxysporum closely resembles bacterial counterpart, it is of particular interest and importance to isolate the gene of the key component dNiR, to clarify its phylogenetic relationship to bacterial counterparts.
Recent genome analyses have revealed the presence in many fungi and protozoa of genes that are homologous to bacterial nirK encoding NirK. 15) P450nor gene (CYP55) homologs are also found in many fungal genomes, most of which also contain nirK-homologs, suggesting that these fungi, containing both nirK-and CYP55-homolog genes, can denitrify, but no such examination has ever been performed. Though the denitrification system has been extensively characterized in F. oxysporum and C. tonkinense, genome information on them is restricted. To study the fungal denitrification genes in more detail, we selected A. oryzae, whose genome sequence project was completed in 2005. 16) Many of the molecular genetic means are now well-established. A. oryzae is a very important fungus in the Japanese brewing industry as a microorganism for making koji, which is involved in the process of sake production. Although denitrifying activity has not been found in A. oryzae, the P450nor gene (CYP55A) was isolated from the fungus and characterized, 17) suggesting that A. oryzae contains a denitrifying system. Further, we found a nirK homolog (AonirK) in the genome of A. oryzae. Here we cloned and expressed the AonirK gene in the Escherichia coli system, and purified and characterized the recombinant protein. We also overexpressed and disrupted the AonirK gene for further characterization. Our results indicate that this gene is really the fungal ortholog of bacterial nirK, and thus that the fungal denitrifying system shares a common ancestor with its bacterial counterpart.
Materials and Methods
Fungal strains and media. A. oryzae RIB40 was used as the wildtype strain. The RIB40 Áku70ÁpyrG strain, 18) which was kindly provided by Dr. Tadashi Takahashi (Noda Institute for Scientific Research), was used as the gene-deletion host strain. DPY medium (2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% KH 2 PO 4 , and 0.05% MgSO 4 . 7H 2 O) and Czapek-Dox (CD) medium (2% glucose, 0.3% NaNO 3 , 0.2% KCl, 0.1% KH 2 PO 4 , 0.05% MgSO 4 . 7H 2 O, and 0.002% FeSO 4 . 7H 2 O) were used for the growth of A. oryzae. These media were supplemented with 1.2 g of uridine/l and 1.1 g of uracil/l for the growth of auxotrophic mutant ÁpyrG. The CD medium was used for selection of the gene deletion strains. Agar was added at 15 g/l for the solid media.
Denitrifying conditions. The fungal strain was pre-cultured at 30 C for 24 h in DPY medium. Pre-culture was performed aerobically in a 500-ml Erlenmeyer flask with baffles containing 200 ml of each medium. After pre-culture mycelia were collected aseptically, a portion of them (4 g wet weight) was transferred to 200 ml of denitrification media (DPY, containing 5 mM NO 2 À ) in a 500-ml Erlenmeyer flask. The medium was degassed, the head space of the flask was replaced with helium gas, and the flask was sealed with a rubber stopper. The flask was then incubated on a rotary shaker (150 rpm) at 30 C. The product of fungal denitrification (N 2 O) was monitored periodically by gas chromatograph-mass spectrometry (GCMS) with a Shimadzu GCMS-GP5050 (Shimadzu, Kyoto, Japan) equipped with a CP-PoraPLOT-Q column (Varian, Palo Alto, CA 
Expression of AonirK in E. coli and purification of the recombinant protein. The AonirK gene lacking the N-terminal 95 amino acid residues, which encode the predictive mitochondrial targeting signal and the transmembrane region, was amplified from the fungal cDNAs using sense primer nirK-F1 (Nde I site underlined), and antisense primer nirK-R1 (Xho I site underlined) ( Table 1 ). The PCR product was cloned into pT7Blue T-vector for sequencing, subsequently digested with the corresponding restriction enzymes, and then inserted into pET28b (þ) plasmid (Novagen, Madison, WI, USA). E. coli HMS174 (DE3) cells transformed with the AonirK expression plasmid were grown at 37 C with rotary shaking (150 rpm) in a 5-liter Erlenmeyer flask containing 1.2 liter of 2ÂYT medium (containing 50 mg/ml of kanamycin and 5 mg/ml of rifampicin, pH 7.0) to a OD of 0.7. Recombinant protein expression was induced at 20 C with 0.1 mM isopropyl thiogalactoside (IPTG) for a further culture of 20 h. The cells (10.7 g wet weight) were harvested by centrifugation (9,000 rpm), suspended in 200 ml of buffer A (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 20 mM imidazole, 0.1 mM PMSF, and 1 mM DTT), and broken by sonication on ice. The broken cells were centrifuged at 15,000 rpm, and the resulting supernatant (the soluble fraction) was applied to purification by affinity chromatography with HiTrap Chelating HP (GE Healthcare, USA). The column was washed with buffer A, and the tightly-bound proteins were eluted with a gradient of 20-500 mM imidazole at a flow rate of 3 ml/min. Fractions containing AoNirK were identified by SDS-PAGE, pooled, concentrated, and applied to gel filtration using HiLoad 16/60 (GE Healthcare, USA) in 20 mM Tris-HCl buffer (pH 8.0) with 0.15 M NaCl at a flow rate of 1 ml/min.
Construction of the AonirK high expression strain of A. oryzae. Dextrin induced high expression promoter PglaA142 (an improved glucoamylase promoter) 19 ) and a -glucosidase terminator (TagdA), derived from pNGA142, kindly provided by Dr. T. Minetoki (Ozeki Co.). 20) The plasmid was cleaved using Pst I and Sma I, and these elements were introduced into the expression vector pPTR I (Takara, Japan) to construct the high expression vector pPTGA I. The full length of AonirK gene was amplified with two primers, nirK-F2 and nirK-R2 (Table 1) . After a sequencing check, it was introduced into pPTGA I to form an AonirK high expression plasmid, pPTGA/nirK. After transformation, the resulting high expression strain, AoHnirK, was isolated by its resistance to pyrithiamine on a CD plate containing 0.1 mg/l of pyrithiamine. As a control, blank vector pPTGA I was also transformed, and then AopPTGA was obtained.
Construction of the AonirK disruption and CYP55A disruption strains. Fusion PCR was used as the strategy for construction of the AonirK and CYP55A disruption cassettes. All the primers are listed in Table 1 . Using the genome DNA of Aspergillus nidulans as a template, the selectable marker gene pyrG was amplified with primers pryG-F and pyrG-R. Using the genome DNA of A. oryzae as a template, the upstream (1 kb) of nirK ORF was generated using primers: ÁnirK-A and ÁnirK-B, and the downstream (1 kb) of the nirK ORF was generated using primers ÁnirK-C and ÁnirK-D. The sequences shown in small letters in ÁnirK-B were designed to overlap the 5 0 terminal sequences of marker gene pyrG complementarily. The sequences shown in small letters in ÁnirK-C were designed to overlap the 3 0 terminal sequences of marker gene pyrG. The three fragments were then mixed and amplified by fusion PCR with PrimeSTRA DNA polymerase (Takara, Japan) to create the nirK disruption cassette. The fusion PCR conditions were as follows: pre-heating to 94 C for 2 min, 30 cycles of 98 C for 10 s, 55 C for 15 s, and 72 C for 4 min, followed by a final extension for 5 min. The CYP55A disruption cassette was created by the same methods using the corresponding primers (Table 1 ). After they were purified with Wizard SV Gel and PCR Clean-UP System (Promega, Tokyo, Japan), the amplified DNA fragments was used to transform A. oryzae.
Transformation of A. oryzae. Transformation of A. oryzae was done by the standard method. 21) Gene deletion verification by Southern blot analysis. The genome DNAs from the host strains and the candidate ÁnirK and ÁCYP55A were separated on a 0.8% agarose gel by electrophoresis after digestion with the corresponding restriction enzymes, as shown in Fig. 5A , and then transferred to a Hybond N þ membrane (GE Healthcare, Little Chalfont, United Kingdom). DIG-labeled probes were constructed using a DIG PCR labeling kit with the corresponding primers ( Table 1) . Hybridization and detection of signals were carried out by the DIG system (Roche, Mannheim, Germany).
Quantitative real-time reverse transcription-PCR (q-RT-PCR) analysis. Total RNA was isolated from A. oryzae cells grown for 16 h under various conditions. The total RNA was treated with DNase I (Takara, Japan) and cDNAs were synthesized using ReverTra Ace Ò (Toyobo, Tokyo, Japan) with an oligo (dT) primer. Primer pairs, q-RTnirK-F and q-RT-nirK-R, and -actin-F and -actin-R (Table 1) , were used to amplify nirK and -actin respectively. Real-time PCR was performed with SYBR Ò Premix Ex Taq (Takara, Japan). Reactions were performed in the Light Cycler 330 (Roche, Mannheim, Germany). Relative mRNA levels were normalized to that of -actin as reference gene.
Enzyme activity. dNiR activity was assayed as in a previous study, 11) with the slight modification described below. The reaction mixture (final volume 3.0 ml) contained 50 mM MES buffer (pH 5.5), 1.0 mM NaNO 2 , 0.1 mM methyl viologen, and an appropriate amount of enzyme in a 15-ml volume test tube. Residual nitrite was detected using Griess reagents (0.02% N-(1-naphthyl) ethylenediamine and 1% sulfanilic acid in 25% HCl) at 540 nm. One unit of dNiR activity was defined as the amount that reduces 1 mmol of NO 2 À /min.
Other determinations. The protein concentration was determined with a BCA Protein Assay Reagent Kit using bovine serum albumin as standard. UV-Visible absorption spectra were recorded at room temperature with a Jasco V-550 spectrophotometer (Jasco, Tokyo, Japan). EPR spectra were measured with a JES-FA100 EPR spectrophotometer (Jeol, Tokyo, Japan) at 20 K.
Nucleotide sequence accession number. The DNA and deduced amino acid sequence of the full-length AoNirK protein have been deposited in GenBank under accession no. GU144509.
Results and Discussion
Cloning of the nirK homolog gene from A. oryzae and comparison of the deduced amino acid sequence with those of bacterial NirK proteins
We selected the nirK gene of the bacterium Neisseria meningitides, which encodes a membrane-bound NirK as the template for a blast search of the A. oryzae genome database (DOGAN). The search found a nirK homolog gene in chromosome 4 (locus tag AO090012000170), which encodes a polypeptide with an amino acid sequence similarity of 43.7% and an identity of 34.5% to that of the NirK of N. meningitides. To clone the nirK homolog gene, total RNAs were isolated from strains cultivated under denitrification conditions (anaerobic in the presence of NO 2 À ), and the full-length cDNA of the putative nirK gene was obtained by 5 0 and 3 0 RACE. The length of amino acid coding region was 1,359 bp without any introns in it. The deduced AoNirK comprised 452 amino acid residues, and its sequence was compared with those of typical bacterial counterparts (Fig. 1) . The AoNirK sequence comprised an N-terminal putative mitochondrial targeting signal and membrane-bound domains and a C-terminal NiR domain, which was structurally similar to the recently characterized fungal NirK of F. oxysporum (Fig. 1). 15) The C-terminal AoNirK domain showed significant sequence identity to those of prokaryotic NirKs, completely containing the crucial amino acid residues that are highly conserved among NirKs. That is, the ligands to the type 1 (His211, Cys252, His260, and Met265) and the type 2 (His216, His251, and His412) copper centers, and the amino acid residues involved in proton transfer (Asp214 and His361). Further, the sequences of AoNirK around these crucial residues were highly homologous to those of the prokaryotic counterparts.
NirKs are phylogenetically classified into two groups, class I and class II. 22) Eukaryotic NirK and NirK homologs, including AoNirK, are classified into class II. 15) One of characteristic features of class II NirKs is partial deletion in the linker loop (LL) and tower loop (TL) sequences (Fig. 1) . LL is located on the bottom of each monomer, and it creates a protrusion in class I NirKs of Alcaligenes faecalis and Achromobacter xylosoxidans 22) (Fig. 1) . LL is a barrier to interaction with the membrane, and thus its deletion in class II NirKs is a benefit in interacting with the membrane surface. TL in class I NirKs extends toward the type 1 copper site and is important for docking the electron donor pseudoazurin.
23) It is not clear, however, whether azurin or pseudoazurin is involved in electron transfer to the eukaryotic NirKs. Another characteristic feature is that several class II NirKs contain an N-terminal extension sequence. The NirK of the bacterium Neisseria is membrane-bound, and thus contains an N-terminal extension to interact with the membrane.
22) The NirK of the -proteobacterium Hyphomicrobium denitrificans (HdNiR) contains an entire cupredoxin domain as an N-terminal extension (Fig. 1) . 24) AoNirK contains a putative mitochondrial targeting signal and a membrane-bound sequence in the N-terminus extension. The mitochondrial targeting signal is a characteristic of eukaryotic NirKs.
Expression, purification, and characterization of recombinant AoNirK
The expression system of AoNirK in E. coli cells was constructed as described under ''Materials and Methods.'' When the cDNA encoding full AoNirK was applied, the amount of protein expressed was very small (data not shown). So we attempted to express only the LL TL dNiR domain of the gene, in which the N-terminal portion of the gene encoding putative mitochondrial targeting and membrane-binding signals was truncated. After purification by His-tag affinity chromatography, AoNirK gave a single band on SDS-PAGE ( Fig. 2A) , but it was separated into two peaks by subsequent gel filtration (data not shown). The M r of the main peak was estimated by gel filtration to be 152,500, 3-fold larger than that of the following minor peak and than that estimated by SDS-PAGE (51,500). The specific activity of the main peak was 10-fold higher than that of the minor peak, suggesting that AoNirK is a homotrimer in its native state, and that the denatured monomer (minor peak) exhibits much lower activity (data not shown). This seems plausible on the basis of the structures of bacterial NirKs, in which the third histidine ligand to the type 2 copper center is provided from the neighboring subunit in the trimeric structure, 1) and thus dissociation of the trimeric subunits into monomer should cause a serious defect in catalytic activity. The M r of AoNirK as estimated by SDS-PAGE was somewhat larger than expected (41, 300) . Such a discrepancy is sometimes observed with the NirKs of other bacteria, possibly because of the lower pI values. The fraction derived from the main peak of gel filtration was utilized in subsequent analyses.
The K m and V max values of the recombinant AoNirK for NO 2 À were 129 mM and 106 U/mg protein respectively. These kinetic parameters are plausible as compared with those due to bacterial NirKs. 2, 25) The optimal pH and temperature were 5.5 and 25-30 C according with those for the growth of A. oryzae. Activity was strongly inhibited by diethyldithiocarbamate (DDC), cyanide, and carbon monoxide (Fig. 2B) . These properties of AoNirK are similar to those of F. oxysporum NirK and those of the bacterial NirKs known to date. 2, 15) The absorption spectrum of AoNirK exhibited a main peak at 594 nm and a minor peak at about 460 nm (Fig. 2C) . Bacterial NirKs are divided into blue and green types depending on the absorption spectrum. 26) The spectrum of AoNirK clearly showed that it is of the blue NirK type. The EPR spectrum (Fig. 2D ) also showed presence of type 1 and type 2 copper centers. The approximate A II and g II values were estimated to be 5.4 mT and 2.25 respectively for hyperfine splitting originating in type 1 copper and 10 mT and 2.34 respectively for type 2 copper.
These results indicate that the fungal NirK protein was nitrite reductase, which closely resembles bacterial counterpart NirKs in enzymatical and structural aspects.
Denitrification by A. oryzae We examined to determine the potential denitrifying activity of A. oryzae. Only when incubated under anaerobic conditions with the denitrification substrate NO 2 À , the strain form detectable amounts of N 2 O (Fig. 3A) . Unlike F. oxysporum and other denitrifying fungi, A. oryzae did not denitrify under semi-aerobic conditions. 6) No evolution of N 2 was detected (data not shown), which suggests that like other denitirification fungi, the terminal product of denitrification by A. oryzae is N 2 O. Unlike F. oxysporum, NO 3 À could not be used as the denitrification substrate for A. oryzae. The dNaR involved in denitrification was partially purified from F. oxysporum and found to exhibit similar properties to bacterial dNaR (NarGHI). 11) However no NarGHI-like gene was found in the A. oryzae genomic DNA. Instead, a homolog to the bacterial periplasmic nitrate reductase (NapA) gene (AO090003001489) was found in the A. oryzae genome. But the NapA-like gene of A. oryzae did not function for denitrification under the conditions employed. Its expression could not be detected by RT-PCR (data not shown).
Next we investigated whether the AonirK gene would transcriptionally respond to denitrification. As shown in Fig. 3B , the AonirK gene was not expressed under aerobic conditions regardless of the presence of NO 2 À . AonirK was slightly expressed under anaerobic conditions. The addition of 5 mM NO 2 À under anaerobic conditions induced an expression level about 25-fold higher than in the absence of NO 2 À . On the other hand, NO 3 À did not induce AonirK under anaerobic conditions (data not shown). These results indicate that AonirK transcriptionally responds to denitrifying conditions. A, Purified samples were subjected to SDS-PAGE on a 12% gel and then stained by Coomassie Brilliant Blue. Lanes M, 1, 2, and 3 are molecular weight marker, cell free fraction, purified AoNiR fraction after HiTrap chelating HP column chromatography, and gel filtration column respectively. B, Effects of inhibitors on NirK activity. AoNirK was incubated with each inhibitor (1 mM, except CO) at 30 C for 20 min prior to the enzyme assay. For examination of CO, helium in the gas phase of the assay vessel was replaced with CO. The control contained no inhibitor. DDC, diethyldithiocarbamate. C, Absorption spectrum of purified AoNirK High expression of the AonirK gene in A. oryzae accompanied by remarkable acceleration of in vivo denitrification
The results above are indicative that AoNirK is really a fungal ortholog of bacterial NirK. Next we examined to confirm this by constructing and characterizing an AonirK high-expression strain (AoHnirK) harboring the AonirK high-expression plasmid, as described in ''Materials and Methods.'' As shown in Fig. 4A , AoHnirK exhibited denitrification activity in a denitrifying medium 6-fold higher than the recombinant strain AopPTGA harboring only the blank vector. To confirm that the high denitrification ability was due to the high expression of AonirK, we compared the mRNA levels of AonirK in AoHnirK and AopPTGA recombinant strains under denitrification conditions by q-RT-PCR. The transcriptional level of AonirK in AoHnirK was 1,000 times higher than in AopPTGA (data not shown). These results strongly confirm that the product of the nirK gene homolog is involved in fungal denitrification, functioning as dNiR.
We investigated the subcellular location of AoNirK in the AoHnirK strain cultivated under denitrification conditions. As shown in Fig. 4B , distinct NirK activity was recovered in the large particle fraction containing the mitochondrial membrane fraction of the dextrininduced AoHnirK cells. On the other hand, little activity was detected in the soluble and membrane fractions of AopPTGA, due to insignificant expression of AonirK confirmed by q-RT-PCR (data not shown). These results are consistent with the fact that the enhanced denitrifying activity in the AoHnirK cells depends on high expression of AonirK and fact that the predicted mitochondrial targeting signal sequence is functioning. They also agree with fact that the fungal denitrification system is localized to the mitochondria and functions as anaerobic respiration, as in the denitrification systems of bacteria.
Effects of deletions of AonirK and CYP55A on denitrification
The effects of disruption of AonirK on denitrification by A. oryzae were examined. Against expectations, no difference in denitrifying activity was observed between the wild-type (wt) and the nirK deficient (ÁnirK) strain (Fig. 5B) . It is known that NO 2 À is chemically converted to NO at acidic pH. However, a similar result was obtained when the comparison was preformed at pH 7.3, excluding the possibility that the apparent denitrifying activity of A. oryzae depends on some chemical reaction. It is known that plant assimilatory nitrate reductase and yeast mitochondrial cytochrome oxidase exhibit activity to form NO from NO 2 À . [27] [28] [29] [30] [31] A. oryzae also contains these enzymes. Hence it is possible that there A, AonirK high expression strains (AoHnirK) ( ) showed higher denitrification ability than control strains AopPTGA ( ). B, Distribution of anaerobic nitrite reductase among the sub-cellular fractions of AoHnirK. Denitrifying cells were disrupted by grinding in a mortar with quartz sands and 50 mM Tris-HCl buffer (1.2 M sorbitol, pH 8.0) containing Protease Inhibitor Mixture (Wako Chemicals, Osaka, Japan). After centrifugation of the homogenate at 1;500 Â g for 15 min, the cell wall and the undisrupted cells were removed, and the supernatant was further centrifuged at 10;000 Â g for 60 min. Then the resulting supernatant and precipitate were used as the cytosolic fraction and the mitochondrial fraction respectively.
exists an alternative NO producing system reducing NO 2 À to NO in the nirK-deficient mutant. We also constructed a P450nor defficient mutant (ÁCYP55A) and examined its denitrifying activity. Deletion of P450nor abolished the denitrifying activity completely (Fig. 5B) , showing that there is no alternative pathway for NO reduction. This is consistent with our previous observation that deletion of the P450nor gene in F. oxysporum abolished its denitrifying activity completely. 32) Next we compared the cell growth of various transformants under denitrification conditions (Fig. 5C ). Denitrification did not support obvious growth of the wt strain, but helped it to survive. Deficiency of NirK showed little effect on cell growth. It is interesting, however, that in contrast to the wt strain, the highly expressed strain (AoHnirK) exhibited distinct cell growth, which is consistent with its increased denitrification activity (Fig. 4A) . Further, deletion of the P450nor gene (ÁCYP55A) was detrimental to the cells, which is consistent with the loss of denitrifying activity (Fig. 5B) .
The denitrifying activity of the wt A. oryzae attained here was very weak. Only 1.1% of the NO 2 À -nitrogen was recovered in N 2 O after denitrification, in sharp contrast to almost stoichimetric (100%) recovery of nitrogen by F. oxysporum 5) and C. tonkinense.
33) It may be meaningless to examine the effects of gene disruption on such weak activity. It is possible that the full activity of denitrification was not expressed under the conditions employed, because the culture was artificial. Instead, the results for the high expression strain (AoHnirK) clearly indicated that NirK is responsible to the denitrification and accompanying cell growth of A. oryzae.
Mitochondrial evolution and fungal NirK
Anaerobic ATP-synthetic systems in mitochondria have been found in several eukaryotes, including nitrate respiration in protozoa, 34) denitrification by fungi 5, 6) and rhizaria (unicellular eukaryote), 35) fumarate respiration in parasites, 1) and fermentation due to pyruvate formatelyase in algae. 36) Since the mitochondrion is defined in textbooks as ''an organelle of eukaryotes for aerobic respiration,'' the origin of these anaerobic mitochondrial ATP-producing systems deserves attention. But this issue remains debated. One opinion is that the common ancestor of the mitochondrion was a strict aerobe and its anaerobic energy-metabolism was acquired secondarily via lateral gene transfer. 37, 38) The opposing opinion is that the ancestor was a facultative anaerobe, descendant lineages having undergone specialization and differential loss. [39] [40] [41] [42] In a previous paper we explained that eukaryotic NirK and NirK homologs flock together in the phylogenetic tree of NirKs of bacteria, archaea, and eukaryotes, 15) showing a sharp contrast to the random distribution of NirK and NirS (another type of dNiR containing cytochrome cd 1 ) among bacteria. Further, the NirS homolog has never been found in eukaryotic genomes, although it is universal as dNiR among bacteria. These results and facts confirm strongly the second opinion above, that the mitochondrion of eukaryotes originates from a facultative anaerobe, as we have proposed. 15) Many fungi that contain nirK homologs also contain P450nor coding gene (CYP55A) homologs. It is highly possible that such fungi have denitrifying activity, although we did not find the best conditions to induce the activity of A. oryzae.
Organisms possessing a class II NirK are more diversified than those possessing a class I NirK, which wild type; AonirK-deletion strain;
CYP55A-deletion strain. The result shown here is a representative result for three independent experiments. C, Cell growth of the transformants under denitrification conditions. After pre-culture of the various strains, mycelia from 10 ml of medium were collected and washed 3 times with 0.7% NaCl, and then dried at 70 C for 48 h (white column) or inoculated in the denitrification media for cell growth experiments. After denitrification for 90 h, the strains were collected for determination of the dry weight (gray column). Data are expressive of three independent experiments. include bacteria, archaea, and fungi. 15) It is intriguing that NirKs and NirK homologs of eukaryotes are clustered in the phylogenetic tree, in a sharp contrast to the random distribution of NirKs of proteobacteria. 15) Further, no homolog gene of another type dNiR (NirS) has ever been found in any genome of fungi and other eukaryotes, again in a sharp contrast to the random occurrence of NirK and NirS among denitrifying bacteria. On the basis of these results and facts, we recently proposed that NirK and the denitrifying system of eukaryotes originate from the protomitochondrion (the endo-symbiont that gave rise to the mitochondrion). 15) 
